A laboratory scale saturated and unsaturated tracer test through waste by Beaven, R. P. et al.
 A laboratory scale saturated and unsaturated tracer test through 
waste 
R.P. Beaven 
Senior Research Fellow, School of Civil Engineering and the Environment,  University of 
Southampton, Southampton, SO17 1BJ, UK. 
L. Dollar   University of the Witwatersrand, Johannesburg, South Africa 
O.A. Oni   University of Southampton, Southampton, UK. 
N.D. Woodman  University College London, London, UK. 
 
Introduction 
 
Two laboratory scale tracer tests were undertaken on a well-characterised and degraded waste 
material.    Both tests were carried out in the same test cell with the same tracers being 
introduced into the flow as ‘top hat’ pulses.  The first test was carried out under unsaturated 
flow conditions;  the second was carried out after the waste had been saturated.  The objective 
was to provide information on the different transport properties through a waste under 
unsaturated and saturated flow.   
General description of the apparatus  
The tracer tests were undertaken on a degraded waste sample within a Consolidating 
Anaerobic Reactor (CAR).    The CAR is a testing cylinder with an internal diameter (ID) of 
480 mm and an approximate height of 900 mm (Figure 1).  The testing cylinder is situated 
within an ELAND consolidation frame that allows a constant stress to be applied to the waste 
through a platen acting on the top surface of the waste.  The cylinder is sealed to both water 
and gas.  
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Figure 1. Consolidating Anaerobic Reactor (CAR) 
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Waste characteristics  
Both tracer tests were performed on the same waste sample.  The sample was an aged waste 
excavated from a landfill, characterised, shredded (to a maximum particle size of 40-50 mm) 
and then reconstituted according to the composition given in Table 1.  The CAR was filled 
with 56.2 kg (dry weight) of the waste and then 90 litres of  synthetic leachate (containing 
10% anaerobically digested sewage sludge) was added to the cell to accelerate waste 
decomposition.  The platen was lowered onto the top surface of the waste and a load of 
47 kPa was applied.  The waste consolidated immediately to a thickness of 0.623 m, giving an 
in place dry density of 0.498 t/m3.  The waste was anaerobically degraded in the CAR for a 
period of 338 days during which time it settled to a thickness of 0.543 m and a dry density of 
0.572 t/m3.  Full details of the above experiment are provided by Ivanova (2003).  
 
Table 1  Composition of reconstituted waste 
Waste component Paper Plastic Textile Wood Glass Metal Other 
Percent by dry weight 9.60 16.67 3.86 3.78 3.65 1.78 60.66 
 
No rebound of the waste surface was observed when the load was removed, and the 
subsequent tracer tests were undertaken without any applied load.  The reactor was allowed to 
drain for approximately two weeks before some preliminary unsaturated circulation of water 
was undertaken to ensure that the waste could be brought to steady-state conditions and to 
determine an appropriate flow rate for the subsequent tracer test.  These results are not 
presented here. 
 
Unsaturated tracer test  
Water and tracer were introduced to the cell at a constant rate of approximately 2 litres per 
hour by 12 individual tubes (2 mm internal diameter) using peristaltic pumps.  The tubes were 
fed through evenly spaced openings in the top platen of the consolidation rig.  A gravel layer 
over the surface of the MSW provided additional spreading of the fluid. 
 
Prior to the introduction of the tracer, the conditions in the cell were brought to steady state 
conditions.  Water was introduced to the top surface of the waste at a rate of 2.08 l/hour.  The 
water inflow was replaced with the tracer solution once the inflow and outflow volumes over 
a period of time were equal.  Sodium chloride (measured as EC) and Coomassie Brilliant Blue 
(BB) were used as tracers at 10 g/l (EC=13.9 mS/cm) and 3 g/l, respectively.  The tracers 
(4.142 litres) were added for two hours, by which time blue colour was observed in the 
leachate.  Immediately following tracer addition, the waste was flushed with clean tap water 
(8.32 litres) at the same flow rate for a further four hours, discontinued for fifteen hours and 
then re-started again for a final 25 hours (~52.9 litres).  
 
A gravel drainage layer separated the waste from the base plate.  Leachate was collected from 
eight radially placed ports at the base of the reactor.  Leachate was sampled separately from 
each of these outflow points.  Outflow volumes were measured every thirty minutes and 
samples taken from the accumulated leachate from all the ports.  In addition, at one of the 
outlets, port ‘A’, volumes were measured and spot samples were taken every ten minutes.   
Brilliant Blue concentrations in the leachate was measured using a spectrophotometer at a 
wavelength of 590 nm and EC was measured using a portable conductivity meter. 
Saturated tracer test  
The saturated test was performed following completion of the unsaturated tracer test, and after 
further flushing was considered to have removed any residual tracer to background 
concentrations.  Modifications were made to the column to allow a saturated tracer test to be 
undertaken.  Saturation was achieved by raising each of the tubes from the eight outlet ports 
at the base of the column to the desired level and connecting into an inverted “Y” piece-
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connector.  The “Y” connectors were all attached to a horizontal bar whose elevation could be 
easily altered.  The upper branch of the connector was open to the atmosphere (to prevent 
siphoning effects) and the remaining branch connected to tubing to carry leachate away. 
 
The gravel layer previously on top of the waste was removed and the upper platen located 
30 cm above the waste surface.   Peristaltic pumps were used to pump water onto the top of 
the waste through tubes and eight evenly distributed holes through the top platen.  Tests were 
carried out to establish the conditions at which a downward flow rate of 0.5 litre per hour 
could be achieved.  This was established when the overflow from the “Y” connectors was 
6.5 cm below the top of the waste, and there was a pond of water above the waste of 15.4 cm 
depth. 
 
After steady-state flow conditions of 0.5 litres/hour had become established, a tracer was 
introduced by instantaneously pumping out the pond of water sitting on top of the waste and 
replacing it with an equivalent volume of tracer.  Tracer (from a separate reservoir tank) was 
then pumped into the column at a constant flow rate to maintain the freeboard of leachate.  
Tracer was only introduced into the cell during the day and during weekdays.  At other times 
the pumps supplying tracer to the column were switched off, and valves on the outlet ports 
closed to prevent any drainage. Consequently, tracer was introduced in approximately four 
litre doses.  Over a period of 14 days, 27.25 litres of tracer were introduced into the cell.   
 
Directly following completion of the tracer injection, clean water flushing commenced.  The 
pond of tracer on top of the waste was pumped out, and clean water pumped in.  This process 
was undertaken four times in 45 minutes to reduce the concentration of tracer in the water 
pond from an EC of 13.9 mS/cm to 0.7 mS/cm.  Flushing of water was continuous (including 
over nights and weekends).  Over the first two days 25.6 litres of water were passed through 
the column.  There was then a pause for three days (inlet pumps off, outlet valves closed) 
before a further 36 litres were pumped in over a three day period.  There was a second pause 
of five days before a final 291 litres of clean water was pumped in over a 24 day period. 
 
Although there were eight discharge tubes connected to individual ports on the bottom of the 
testing cylinder, previous tests (not reported here) indicated that flow was only obtained from 
a maximum of four at any one time.  Consequently only ports A, C, E and G were used and 
monitored.  The volumes collected from each port were broadly similar, (varying from 21 to 
29 % of the total volume collected during tracer injection).  Samples were also collected from 
each port for measurement of EC and absorbance during tracer injection, but during the long 
flush stage samples were only collected from port A which had an automatic sampler 
installed. 
 
Results and discussion 
 
The results of the tracer breakthrough curves (BTC) from both tests are shown in Figure 2.  
NaCl is plotted directly as measured EC, whereas BB is normalised to the concentration (in 
g/l) divided by the initial mass of BB injected (in g).  Figures 2a and 2c show the 
breakthrough curve plotted against the volume of leachate collected within the monitored 
port.  As leachate was collected in other ports, the volumes collected are only a fraction of the 
volumes injected.  The following points are noteworthy: 
 
Concentration against cumulative volume:  
Both the NaCl and EC BTCs occurred more rapidly in the ‘unsaturated’ test compared with 
the ‘saturated’ test (i.e. earlier first arrivals, peaks and tailing).  The flow rate in the 
unsaturated test was four times that of the saturated tests.  Using measured hydraulic gradients 
from the saturated test and assuming a unit gradient in the unsaturated test, estimates of 
hydraulic conductivity (K) were made. Surprisingly, “unsaturated” K was approximately 
double that of the saturated “K”.  It is possible that trapped bubbles of gas in the “saturated” 
state may have blocked major flow pathways.  This effect has been noted previously (Hudson 
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et al ,2001) but no direct comparison of unsaturated vs saturated flow rate in waste materials 
has been reported.   
   
BB had an earlier and sharper peak than NaCl for the unsaturated test.  This was surprising as 
it was assumed that adsorption of BB would be very strong and there would be significant 
retardation.  Indeed only 2% (approx) of the mass of injected BB was recovered and the 
observed permanent staining blue of paper in the waste is perhaps evidence of irreversible 
absorption processes.  Sorption of Na might cause retardation of the EC signal, but Cl- is 
expected to be conservative.  The sorption isotherms of BB, Na+ and Cl- in a waste substrate 
are required in order to interpret the difference between the EC and BB curves. 
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The BB curve for the saturated test provided a closer match to the EC curve (albeit with a 
slightly earlier peak), and may indicate that absorption capacity had been largely satisfied. 
 
Concentration against time:  
The unsaturated test showed little change in concentration following a period of no-flow, 
whereas the saturated test showed striking jumps in concentration following a series of no-
flow periods.  The saturated results could be interpreted by a two-store (or multi-store) model, 
whereby solute exchanges between the ‘channel’ and the surrounding material (a process 
either dominated by adsorption kinetics, or more likely by diffusion).  The unsaturated flow 
system exhibits no noticeable jumps, perhaps because the preferred channels drain during the 
period of no-flow, leaving no ‘mobile’ store to exchange with the less mobile water. 
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Figure 2  Breakthrough curves for unsaturated and saturated tracer tests 
 
Conclusions 
 
Transport tests are more difficult to set up and run than flow tests in a way that reveals 
underlying processes unambiguously.  The surprising results shown here (compared to soil 
science literature) may prove to arise from the nature of the waste material and the generation 
of gas.  The results now need to be confirmed with further systematic experiments.  
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